The 8 B solar neutrino flux inferred from a global analysis of solar neutrino experiments is within 11% (1) of the predicted standard solar model value if only active neutrinos exist, but could be as large as 1.7 times the standard prediction if sterile neutrinos exist. We show that the total 8 B neutrino flux ͑active plus sterile neutrinos͒ can be determined experimentally to about 10% (1) by combining charged current measurements made with the KamLAND reactor experiment and with the SNO CC solar neutrino experiment, provided the LMA neutrino oscillation solution is correct and the simulated performance of KamLAND is valid. Including also SNO NC data, the sterile component of the 8 B neutrino flux can be measured by this method to an accuracy of about 12% (1) of the standard solar model flux. Combining Super-Kamiokande and KamLAND measurements and assuming the oscillations occur only among active neutrinos, the 8 B neutrino flux can be measured to 6% (1); the total flux can be measured to an accuracy of about 9%. The total 7 Be solar neutrino flux can be determined to an accuracy of about 28% (1) by combining measurements made with the KamLAND, SNO, and gallium neutrino experiments. One can determine the total 7 Be neutrino flux to a 1 accuracy of about 11% or better by comparing data from the KamLAND experiment and the BOREXINO solar neutrino experiment provided both detectors work as expected. The pp neutrino flux can be determined to about 15% using data from the gallium, KamLAND, BOREXINO, and SNO experiments.
I. INTRODUCTION
We describe in this paper analysis procedures that can answer two of the most important questions of neutrino research. How can one determine the total solar neutrino fluxes ( 8 B, 7 Be, and pp) for comparison with solar model predictions? How can one determine the sterile contribution to the total solar neutrino fluxes? Our answers allow for the possibility of an arbitrary mixture in solar neutrino oscillations of active and sterile neutrinos, but require the correctness of the LMA solution of the solar neutrino problems and careful attention to all the sources of error ͑theoretical as well as experimental͒. 1 We focus first on determining total fluxes by comparing charged current ͑CC͒ observables measured in different experiments; this method yields results as independent as possible of uncertainties due to the presence of sterile neutrinos. We then describe how similar techniques can be applied to determine total solar neutrino fluxes using a CC experiment plus a neutrino-electron scattering experiment ͓or a neutral current ͑NC͒ measurement͔, which yields results that depend more on the sterile neutrino mix but which can nevertheless be relatively accurate.
The numerical values we estimate for the expected precision with which different quantities can be measured rely upon simulations of the performance of the relevant experiments. Therefore the accuracies that we quote are illustrative; the actual accuracies that are obtainable can only be determined once the experimental uncertainties are known.
A. Flavor changes occur
Neutrinos change flavors as they travel to the Earth from the center of the Sun. This flavor change was seen directly by the comparison of the Sudbury Neutrino Observatory ͑SNO͒ measurement ͓4͔ of the charged current reaction for 8 B solar neutrinos with the Super-Kamiokande measurement ͓5͔ of the neutrino-electron scattering rate ͑charged plus neutral current͒. Even more clearly, flavor change has been demonstrated by comparing the neutral current measurement by SNO with the SNO CC measurement ͓1͔. The conclusion that flavor changes occur among solar neutrinos, if based solely upon the comparison of the SNO and SuperKamiokande event rates, is valid statistically at about the 3.2 confidence level ͓4,6 -9͔. The neutral current measurement of SNO increases the significance level for flavor changes among solar neutrinos to the 5.3 confidence level.
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The SNO and Super-Kamiokande results demonstrate simply that new physics is required to resolve the longstanding solar neutrino problem ͓10͔, i.e., to understand the origin of the discrepancy between the predictions of the standard solar model ͓11͔ and the observed solar neutrino event rates ͓4,5,12-16͔. If one includes the results of the Chlorine ͓12͔, Kamiokande ͓13͔, SAGE ͓14͔, GALLEX ͓15͔, and GNO ͓16͔ experiments together with the SNO ͑CC͒ and Super-Kamiokande results, then the combined measurements require ͓9͔ new physics at 4.0 and, if the relative temperature scaling of the 7 Be and 8 B neutrino production reactions is taken into account, at 7.4. Helioseismological measurements confirm the predicted sound speeds of the Standard Solar Model to better than 0.1% and show that stellar physics cannot account for the discrepancies between standard predictions and the observed solar neutrino rates ͓17͔.
B. Current knowledge of the 8 B solar neutrino flux if only active neutrinos exist
The combination of the charged current ͑CC͒ and the charged plus neutral-current measurement with SuperKamiokande has been used by several groups ͓4,6-8͔ to determine the flux of active 8 B neutrinos independent of the solar model. These model-independent determinations of the active flux exploit the similarity between the response functions in the SNO and Super-Kamiokande detectors ͓4,6,18,19͔ . In addition, if one includes all the experimental data in a global oscillation solution in which the 8 B flux is a free parameter, one obtains a similar ͑but slightly smaller͒ allowed range for the 8 B neutrino flux ͓20-22͔. The measurement of the NC rate by SNO ͓1͔ provides an independent determination of the active 8 B neutrino flux. All of the analyses yield the same result: if electron neutrinos oscillate into only active neutrinos, then the total 8 B neutrino flux is in excellent agreement with the flux predicted by the standard solar model. This close agreement of the active 8 B neutrino flux with the total flux predicted by the standard solar model ͑SSM͒ ͓11,22͔ is, if the flux of sterile neutrinos is small, an important confirmation of the quantitative theory of stellar evolution. We summarize below the current best-estimates and the associated 1 uncertainties for the active 8 Global neutrino oscillation analysis ͑see Table I The agreement, summarized in Eqs. ͑1͒-͑4͒, between the SSM calculated flux and the measured active flux suggests that the sterile neutrino contribution to the 8 B neutrino flux may be small. In this paper, we ignore this tempting suggestion and instead concentrate on developing methods to determine experimentally the total 8 B and 7 Be neutrino fluxes emitted by the Sun, independent of the active-sterile mixture ͑for a discussion of earlier investigations of sterile neutrinos see Refs. ͓24,25͔͒.
If we want to understand the particle physics implications of solar neutrino research, we must determine if sterile neutrinos are present in the solar neutrino flux . Moreover, the original-and still valid-goal of solar neutrino research was ͓10͔ to compare solar model predicted and experimentally measured ͑total͒ solar neutrino fluxes.
C. What can one do if sterile neutrinos exist?
What is the situation if sterile neutrinos exist? The total flux of 8 B neutrinos could in this case be much larger than the standard solar model prediction; a major fraction of the total flux that reaches the Earth could arrive in a form that is not detected in solar neutrino experiments. The existing data disfavor ͑at 5.4 C.L.͒ oscillation into purely sterile neutrinos. Nevertheless, a large sterile component is allowed ͓22,26͔ if oscillations occur into a combination of active and sterile neutrino states ͑see Refs. ͓27,28͔ for a description of the formalism adopted here͒. The flux of sterile neutrinos could in principle be large enough to destroy the apparently excellent agreement between the flux predicted by the SSM and the true flux of 8 B neutrinos ͓which is assumed to be pure active neutrinos in the comparison shown above in Eqs.
͑1͒-͑4͔͒.
A measurement of the total 8 B solar neutrino flux, including the sterile component ͑if any͒, will provide information that is important for astrophysics and for particle physics. The motivation for investigating sterile neutrinos is not dependent upon the LSND ͓29͔ results that might suggest the existence of sterile neutrinos. Of course, the LSND results 2 The recently measured low-energy cross section factor reported by Junghans et al. ͓23͔ is currently being reinvestigated. Fortunately, the KamLAND reactor neutrino experiment ͓31͔, when combined with the SNO measurement of the CC flux, is capable of providing a precise determination of the total, i.e., the active plus the sterile, 8 B neutrino flux. We assume throughout this paper the correctness of the currently favored large mixing angle ͑LMA͒ solution to the solar neutrino problem. If the LMA solution is not correct, then all global analyses of the available solar and reactor data indicate that either the mass difference ⌬m 2 or the vacuum mixing angle will be too small to produce a measurable effect in the KamLAND experiment ͑see, e.g., 20, 21, 31, 32͔͒ . In this case, KamLAND will be unable to provide the information required to determine the total 8 B neutrino flux.
Here is the basic physical idea of the method we propose for measuring the total 8 B solar neutrino flux. For the Kam-LAND ͓31͔ experiment, one will know accurately the flux of antineutrinos from the 17 reactors that contribute significantly to the measured antineutrino events. From measurements of the total event rate and the energy spectrum induced by the surviving e , the KamLAND experimentalists can determine with precision ͓31,33-35͔ the antineutrino propagation parameters ⌬m 2 and tan 2 . Both the KamLAND measurement and the CC SNO measurements are disappearance experiments for neutrinos ͑or antineutrinos͒ of similar energies. For the CC measurement made with SNO, one does not know the total 8 B neutrino flux created in the Sun. But, assuming conservation of CPT, one can use the propagation parameters ⌬m 2 and tan 2 determined by KamLAND and the measured ͑by SNO͒ CC rate to solve for the flux that gives the observed result. Summarizing, for the KamLAND experiment one knows the total flux but not the propagation parameters, which are measured. For the SNO CC experiment, one will know ͑from KamLAND͒ the propagation parameters and therefore can measure the total flux.
3 Figure 1 shows the results of a refined global solution for the solar neutrino oscillation parameters that was made ͑see Sec. II and the Appendix͒ using all the available solar and reactor data. The figure displays the allowed solar neutrino oscillation contours at 1, 2, and 3. The results are obtained by the procedures described most recently in Ref.
͓22͔, where we have used in the present paper the analysis strategy ͑a͒ ͑of Ref. ͓36͔͒ including the 1496 day SuperKamiokande data sample ͓37͔ as well as the SNO CC, NC, and day-night observations ͓1,2͔. We have also made some improvements ͑see the Appendix͒ in the treatment of the uncertainties in the neutrino cross sections and in the correlation of errors.
For comparison, we also show in Fig. 1 the small size of the expected allowed region for KamLAND if this reactor antineutrino experiment observes a signal corresponding to the current best-fit point of the solar neutrino analysis. In calculating the KamLAND allowed region, we have made a conservative estimate ͑see Sec. III C͒, following the principles discussed in Refs. ͓38,39͔. Figure 1 shows clearly that KamLAND has the potential for making a precise measurement of the solar neutrino oscillation parameters, provided that the LMA is the correct oscillation solution.
The only complication involved in determining the total 8 B flux from a comparison of the KamLAND and SNO CC measurements results from the fact that for the favored large mixing angle ͑LMA͒ solar neutrino oscillation solution matter effects in the Sun and the Earth can be significant. Matter effects are unimportant for the KamLAND reactor experiment. The role of matter effects in solar neutrino experiments depends somewhat upon the a priori unknown active-sterile mixture, which introduces a calculable uncertainty in the inferred total 8 B neutrino flux.
FIG. 1. Solar neutrino allowed region compared with simulated KamLAND allowed region. The figure shows the currently allowed regions of the solar neutrino oscillation parameters; the contours of equal CL are labeled at 1, 2, and 3. This global solution was obtained assuming pure active neutrino oscillations and using all the available solar and reactor data. We include the recent SNO results ͓1,2͔. The rates from the GALLEX/GNO ͓15,16͔ and SAGE ͓3,14͔ experiments have been averaged to provide a unique data point (72.4Ϯ4.7 SNU). Some technical improvements regarding neutrino cross sections and correlations of errors were included in the analysis ͑see the Appendix͒. The two much smaller allowed regions, placed symmetrically with respect to the line at tan 2 ϭ1, represent the allowed regions, at 1, 2, and 3, that are obtained from a simulation of what may be achievable with the KamLAND reactor experiment. The best-fit point for the Kam-LAND simulation is assumed to be the same as the best-fit point for the global solar neutrino oscillation solution, namely, purely active neutrinos with ⌬m 2 ϭ5.0ϫ10 Ϫ5 eV 2 , tan 2 ϭ0.42.
In summary, the combination of the SNO CC neutrino measurement and the KamLAND antineutrino measurement will determine the total ͑active plus sterile͒ flux total ( 8 B) of 8 B solar neutrinos. By subtracting the previously determined flux ͑see above͒, active ( 8 B), from total ( 8 B), one can determine the flux of sterile solar neutrinos.
Using similar reasoning, we shall also show that the combined Super-Kamiokande and KamLAND measurements can be analyzed to yield an accurate value for the total 8 B flux, although in this case the results are somewhat more sensitive to the active-sterile admixture.
D. 7 Be solar neutrinos
The flux of 7 Be solar neutrinos, which in the SSM is predicted ͓11͔ to be ( 7 Be active )ϭ4.77ϫ10 9 cm 2 s Ϫ1 (1 Ϯ0.10), can be determined in a model independent way from a global analysis of the solar neutrino data assuming only active neutrino oscillations. For example, the latest analysis by Garzelli and Giunti ͓7͔ yields 0.02 р( 7 Be)/( 7 Be,SSM)р1.15 at 99% C.L. We shall also show in this paper that one can extract the value of the 7 Be neutrino flux from measurements of the gallium solar neutrino experiments GALLEX, SAGE, and GNO and the results of the SNO and KamLAND measurements. The value of the 7 Be flux that will be derived in this way is relatively insensitive to the assumed neutrino oscillation parameters, although it does depend somewhat on the assumed contributions of the CNO, pep, and pp neutrino fluxes which we adopt from the standard solar model. The constraint provided by the Chlorine experiment is not very useful for determining the total 7 Be neutrino flux. One can obtain an independent measurement of the total 7 Be solar neutrino flux by comparing data from the Kam-LAND experiment with data from BOREXINO ͓40͔ solar neutrino experiment. If both the KamLAND and the BOR-EXINO detectors work as expected, then this method will be more accurate than the methods involving the gallium and chlorine radiochemical detectors.
E. Appendix: just for aficionados
The determination of the total solar neutrino fluxes, and even more so the determination of the sterile components of these neutrino fluxes, requires precision in both the experimental measurements and the theoretical calculations and analyses. We present a refined discussion of the theoretical errors, and their correlations, for the absorption cross for the gallium and Chlorine solar neutrino experiments in the Appendix.
F. Outline and suggested reading strategy
The outline of this paper is as follows. In Sec. II, we describe the current experimental knowledge of the 8 B solar neutrino flux. Our results are summarized in Table I both for the special case of oscillations between purely active neutrinos and for the general case of oscillations between electron neutrinos and an active-sterile neutrino admixture. We limit our analysis to the allowed LMA region of solar neutrino oscillations. We show in Sec. III how one can use the CC measurements with SNO and KamLAND to determine an accurate total 8 B solar neutrino flux including experimental and theoretical uncertainties and the possibility of an appreciable active-sterile admixture. We switch to the 7 Be flux in Sec. IV and evaluate how well one can determine the total 7 Be solar neutrino flux by also using the results of the gallium ͑GALLEX, SAGE, and GNO͒ solar neutrino experiments or the chlorine experiment. In Sec. V, we investigate how well the total 8 B and 7 Be neutrino fluxes can be determined using the combined measurements of KamLAND and -e scattering observed in the Super-Kamiokande ͑Sec. V A͒ and BOREXINO ͑Sec. V B͒ detectors. We show that even in the presence of active-sterile admixtures the total 7 Be solar neutrino flux may be measured with relatively high accuracy by comparing results from the KamLAND and the BOR-EXINO experiments. We describe and analyze in Sec. VI three strategies for determining the total pp solar neutrino flux in the absence of a dedicated experiment that measures separately the pp neutrinos. We summarize and discuss our principal conclusions in Sec. VII.
We urge the reader to turn first to Sec. VII and read the summary and discussion of our main results and their implications. The rest of the paper can then be understood more easily. In this section, we will show how one can determine the allowed range of the total 8 B neutrino flux using the results of the KamLAND reactor neutrino experiment and the SNO CC solar neutrino experiment. We shall also estimate the accuracy with which one can determine the total 8 B flux. Since we consider here only CC reactions that result from disappearance experiments, the only difference between the role of active neutrinos and and sterile neutrinos sterile arises from matter effects in the Earth and in the Sun. Since sterile neutrinos do not interact with matter, the effective potential for the e -s evolution in matter is V es ϭV e ϪV s ϭV CC ϩV NC , since V s ϭ0. The effective potential V es is approximately half the potential for e -a , V ea ϭV e ϪV a ϭV CC , where V a is the potential for the active neutrinos and . ͑The difference is exactly half for a medium with equal number of neutrons, protons, and electrons because V a ϭV NC ϭϪG F N n /ͱ2ϳϪV CC /2 with V CC ϭͱ2G F N e .) We shall evaluate the expected dependence of the inferred total 8 B flux on the admixture of sterile neutrinos ͓see Eq. ͑5͔͒.
II. PRESENT KNOWLEDGE OF THE
In Sec. III A we present the formulas that are used to determine the 8 B flux with the aid of the KamLAND and SNO CC experiments and in Sec. III B we illustrate the ef-4 For 2N DF , the maximum allowed value of f B is 2.2 at 3, but is 1.7 for 1N DF , see Table I . We have given the maximum value for 1N DF in the abstract. fect on the inferred 8 B flux of the maximum allowed ͑at 1) sterile admixture. We estimate in Sec. III C the precision with which the 8 B flux can be determined including all the principal known sources of uncertainties.
The reader who is interested in how well we can determine the 8 B flux, but does not need to know the details of the procedure, can get the main results by glancing at Fig. 2 and Fig. 3 and Table II. In Sec. V A, we investigate how well the total 8 B flux can be determined using KamLAND in combination with the -e scattering experiment SuperKamiokande.
A. Relations that determine the total flux
Suppose KamLAND observes a signal that corresponds to LMA e oscillations with parameters (⌬m 2 ,tan 2 ). We assume the validity of the CPT theorem so that constraints on antineutrino oscillation parameters obtained from the Kam-LAND experiment apply to solar neutrino experiments. We can then extract the 8 B neutrino flux from the following relation:
where
is the CC rate for the SNO experiment ͓4͔ that is predicted ͓11,22͔ by the standard solar model in the absence of oscillations and ͗P ee (⌬m 2 ,tan 2 )͘ SNO is the average survival probability for electron-flavor neutrinos created in the Sun. Also, E is the neutrino energy and e is the weighted average e -d interaction cross-section, including the experimental energy resolution function Res(T, TЈ), where T(TЈ) is the measured ͑true͒ recoil kinetic energy of the electron. Thus
͑16͒
The lower limit T min in the integral in Eq. ͑16͒ is taken here to be the threshold used by the SNO Collaboration in Ref.
͓4͔ (T min ϭ5 MeV). The calculated value for the CC rate is not sensitive to the assumed value of T max , as long as T max у17 MeV. The energy-averaged survival probability ͗P ee (⌬m 2 ,tan 2 )͘ SNO for e at SNO can be computed using the propagation parameters (⌬m 2 ,tan 2 ) observed at Kam-LAND. Thus
͑17͒

B. Illustrative dependence of total flux upon active-sterile admixture
How much does a sterile neutrino admixture affect the inferred total 8 B neutrino flux? The dominant dependence on the sterile admixture arises from matter effects within the Sun for larger ⌬m 2 and within the Earth for smaller ⌬m 2 . Figure 3 shows the isocontours of f B in the LMA region for the pure active case ͑thicker lines͒ and for the activesterile case cos 2 ϭ0.75 ͑thinner lines͒. The isocontours are not very different for the two cases. Moreover, the dependence on Earth matter effects can be avoided experimentally by using only the daytime CC measurement, once sufficient statistics are available. The robustness of the inferred 8 B solar neutrino flux can be tested by comparing the 8 B flux inferred using only daytime CC measurements with the flux that is inferred when nighttime data ͑with corrections for Earth matter effects͒ are added to the daytime data.
In Fig. 3 , we also show the 3 LMA contour ͑the dotted contour͒ obtained by the global analysis of the solar neutrino data for the purely active case . Within the 3 LMA region, the maximum difference between the value of f B inferred allowing for possible sterile neutrinos and the value obtained assuming only active neutrino oscillations is ϩ0.9 and Ϫ3.5 %. The dependence upon the active-sterile mixture could become negligible if the correct ⌬m 2 lies in the lower part of the LMA region and only daytime data is used from the SNO CC measurements. We conclude from Fig. 3 that existence of sterile neutrinos will not prevent an accurate measurement of the total 8 B neutrino flux.
C. How accurately can the total 8 B flux be determined?
What is the overall precision expected in the determination of the total 8 B flux? From Eq. ͑14͒ we can derive the anticipated precision as
where the 1 errors are combined quadratically. The current value of the first term in Eq. ͑18͒, the 1 uncertainty ͑statistical and systematic͒ of the measured CC rate in SNO, is ͓1͔ ␦( f B ) SNO,exp ϭ6.15%. This uncertainty will undoubtedly decrease as the results of analyzing more SNO CC data are reported.
The second term in Eq. ͑18͒ represents the uncertainty in the e -2 H absorption cross section. Much progress has been made recently in evaluating this cross section, see, e.g., Refs. ͓41,42͔, which has led to an estimate ϳ1% for the cross section uncertainties other than radiative corrections. No definitive calculation has yet been made of the radiative correction for the CC reaction, but a reasonable estimate ͓41͔ is that the cross sections given in Ref. ͓41͔ might be increased by 2%. We adopt here a conservative uncertainty of SNO,c.s. ϭ2% ; the precise value chosen for ␦( f B ) SNO,c.s. is not very important at this stage since other uncertainties are dominant. The hep neutrino flux contribution to ⌬ f B is negligible for our purposes ͓4,5,11͔.
A detailed simulation is required to estimate (͗P ee ͘ SNO, KamLAND ), i.e., the uncertainty in the average electron neutrino survival probability for 8 B solar neutrinos observed in the SNO CC experiment as will be determined by future KamLAND measurements. Here is how we estimate this uncertainty. We generate the expected KamLAND signal for a fine grid of points (⌬m 2 ,tan 2 ) that spans the space of the allowed oscillation parameters determined from solar neutrino experiments. For each grid point, we obtain the allowed region by a 2 analysis. We use statistical errors corresponding to three years of data taking at KamLAND, observing antineutrinos from reactors working at a constant 78% of the maximal power. To be conservative, we also assumed a neutrino energy threshold of 3.5 MeV, in order to ensure that the effects of natural radioactivity would be small. More details on the KamLAND experiment can be found in Ref. ͓31͔; details regarding the neutrino cross sections, statistical procedures, and reactor fluxes used in the present paper are described in Refs. ͓38,39͔.
In computing the inferred values of f B , we take account of the fact that there could be a significant component of sterile neutrinos in the incident 8 B solar neutrino flux. We therefore consider all active-sterile admixtures permitted by the global oscillation solution shown in Fig. 1 . The numerical constraint on the currently allowed admixture is given in Eq. ͑13͒.
In Table II , we have used ␦( f B ) SNO,exp ϭ6.15% and ␦( f B ) SNO,CS ϭ2% ͑see previous discussion͒. The uncertainty contributed by the possibility that sterile neutrinos exist, i.e., ϭ " 0, is rather modest; (͗P ee ͘ SNO, KamLAND ) is typically reduced by ϳ1% from the value shown in Table II . Figure 4 shows the 9 and 14 % contours for the maximum percentage deviation from the best-fit f B value. To provide a context, the figure also displays the 1, 2, and 3 allowed LMA regions obtained by a global fit to the available solar and reactor data. Within almost all of the current 1 LMA allowed region, the comparison of the KamLAND and the SNO CC data will determine the total 8 B flux with an uncertainty that is less than 14%; the uncertainty can be less than 10% over a significant fraction of the current 1 allowed domain. About ϳ6% of the current estimated uncertainty is due to the experimental error in the SNO CC measurement, which hopefully will be reduced as more CC data are accumulated.
For some purposes, it is convenient to know what is the average expected accuracy in the determination of f B . We have computed this average with the aid of a Monte Carlo sampling of the currently allowed solar neutrino oscillation parameters shown in Fig. 1 . The average positive and negative uncertainties are approximately equal ͑see Table II͒ . We find an average 1 uncertainty of
A very significant component of ( f B ) comes from (͗P ee ͘ SNO, KamLAND ). We find, averaged over the current 1 solar neutrino oscillation region ͑͗P ee ͘ SNO, KamLAND ͒ϭ7%.
͑20͒
The sterile neutrino contribution to the 8 B neutrino flux can be determined by subtracting the active neutrino flux from the total neutrino flux. Thus,
Using, as described above, the 1 errors for the total and the active fluxes of 9.7 and 8 % ͑assumed for the SNO NC measurement͒, respectively, we estimate that the sterile component of the 8 B neutrino flux can be determined to a precision of about 12.5%.
IV. HOW WELL CAN WE DETERMINE THE TOTAL 7 Be FLUX USING CC "RADIOCHEMICAL… EXPERIMENTS?
We show in this section how the total 7 Be solar neutrino flux can be determined, with the judicial aid of other neutrino fluxes predicted by the standard solar model ͓11͔, by combining the results of the GALLEX ͓15͔,GNO ͓16͔, and SAGE ͓14͔ gallium solar neutrino experiments with the KamLAND and SNO CC measurements. We shall also explore the extent to which the chlorine experiment ͓12,43͔ can provide independent information about the 7 Be solar neutrino flux.
We limit ourselves in this section to detectors that only observe e or e , specifically, we consider here only the radiochemical gallium and chlorine experiments and the reactor antineutrino experiment KamLAND. This limitation simplifies the calculations with respect to the role of the sterile neutrinos. However, the radiochemical experiments suffer from the disadvantage of a lack of energy discrimination, which introduces uncertainties involving the roles of the pp, pep, and CNO neutrinos.
We begin by describing in Sec. IV A the general procedure for determining the 7 Be neutrino flux. We then evaluate in Sec. IV B the principal sources of error, taking account of experimental and theoretical uncertainties as well as the possibility of an appreciable sterile neutrino component in the incident solar neutrino flux. We present in Sec. IV C the numerical results for the uncertainties due to different factors and evaluate the overall accuracy with which the total 7 Be flux can be determined.
Using data from either the gallium or the chlorine ͓12͔ experiments, the same procedure can be applied for inferring the 7 Be neutrino flux. For simplicity, we describe the procedure in Secs. IV A-IV C with reference to the more promising case provided by the gallium experiments. In Sec. IV D, we investigate how accurately one can determine the 7 Be flux using data from the chlorine experiment instead of the gallium experiment. In Sec. V B, we use the techniques developed in this section to explore the accuracy with which KamLAND and BOREXINO can determine f Be .
A. Procedure for determining the total 7 Be solar neutrino flux Table III shows the neutrino fluxes and the event rates in the gallium solar neutrino experiments that are predicted by the standard solar model ͓11,22͔ . The table also shows the event rate predicted by the best-fit LMA solution. From Table III it is clear that one must make a strong assumption about the pp neutrino flux in order to determine the 7 Be flux. One must also make assumptions regarding the bestvalue and the uncertainties in the CNO and pep fluxes. This situation is different than the purely empirical procedure described in Sec. III for determining the 8 B neutrino flux; the 8 B solar neutrino flux can be determined independent of all considerations regarding the standard solar model.
We assume throughout this section the correctness of the calculated standard solar model ͓11͔ values for the neutrino fluxes and their uncertainties, except for the 7 Be and 8 B fluxes which we want to determine from solar neutrino experiments. Fortunately, as we shall see, if we assume the SSM predictions and their uncertainties for all but the 7 Be and 8 B fluxes, then we can infer an interesting range for the total solar 7 Be neutrino flux if we use data from the gallium experiments. The situation is less promising if we use data from the chlorine experiment rather than the gallium experiments.
Suppose that KamLAND observes a signal that corresponds to e oscillations with parameters (⌬m 2 ,tan 2 ) KamLAND , then the expected event rate in the gallium experiments is a sum of the contributions from the different neutrino fluxes, namely,
͑22͒
In the last term in Eq. ͑22͒, we include the contributions from hep, pep, CNO, and pp neutrinos. By analogy with Eq. ͑7͒, we have defined the factors f i as the ratios between the ''true'' solar neutrino fluxes and the fluxes predicted by the standard solar model.
We can solve Eq. ͑22͒ for the 7 Be solar neutrino flux as follows. We substitute into Eq. ͑22͒ the value of f B determined, independent of the solar model, from the KamLAND and SNO CC measurements, as discussed in the previous section ͑Sec. III͒. We also assume as a first approximation that all the solar neutrino fluxes but the 8 ͬ.
͑23͒ Figure 5 shows that for the 7 Be neutrino flux the uncertainty due to the potential effect of sterile neutrinos is small. The figure shows the isocontours of f Be in the LMA region for the case of purely active case ͑thicker lines͒ and for the mixture of active and sterile neutrinos with cos 2 ϭ0.75 ͑thinner lines͒. Within the 1 (3) parameter region, the difference in the value of f B between the two oscillation scenarios is less than 1% ͑2%͒.
B. Principal sources of uncertainty in determining the 7 Be total flux
The uncertainty in the inferred total 7 Be solar neutrino flux can be estimated from Eq. ͑23͒. Including just the largest contributions, we can write the fractional uncertainty in the total 7 Be neutrino flux as e and a 75% active-25% sterile admixture ͑thinner lines͒. The results were obtained by solving Eq. ͑23͒ as described in the text. The differences between the pure active contours and the 75-25 % admixtures are less than 2% within the currently allowed 3 solution space, which is shown by the dotted line in the figure ͑see Fig.  1͒ . The dotted curve represents the 3 allowed regions from the analysis of the solar data.
͑24͒
where ␦( f Be ) Ga,exp is the uncertainty from the experimental error of the gallium rate, ␦( f Be ) Ga, cross section is the theoretical uncertainty from the calculated e -Ga absorption cross sections ͓44͔, ␦( f Be ) KamLAND 2 is the uncertainty arising from the allowed range of neutrino parameters determined by Kam-LAND and SNO ͓which affects all of the averaged survival probabilities in Eq. ͑23͔͒, and ␦( f Be ) CNO 2 is the uncertainty due to the quoted errors in the standard solar model calculation of the CNO fluxes ͑see Table III and Ref. ͓11͔͒. We have omitted from Eq. ͑24͒ a number of sources of error that contribute only relatively small uncertainties. The omitted sources of error ͓and their range of contributed uncertainties for a representative set of oscillation parameters͔ include the experimental error in the SNO CC measurements ͓(1.2 Ϯ0.6)%͔, the uncertainty in the theoretical absorption cross section for the SNO CC experiment ͓(0.7Ϯ0.2)%͔, and the uncertainty in standard solar model calculation of the pp neutrino flux ͓(0.4Ϯ0.1)%͔.
We now discuss how we estimate the uncertainties in f Be . Because they require special treatment, we first discuss the uncertainty arising from the theoretical neutrino capture cross sections for gallium and then discuss the uncertainty resulting from the range of allowed neutrino parameters determined by KamLAND. 6 To evaluate the uncertainties arising from the gallium absorption cross sections for neutrino sources with continuous energy distributions, we use Tables  2-4 We have adopted the conservative procedure described in Sec. XII A 4 of Ref. ͓44͔, in which the uncertainties in all of the low energy (Ͻ2 MeV) cross sections are fully correlated, while the uncertainties for the ( 8 B) neutrinos above 2 MeV are treated separately. All of the cross sections for low energy neutrinos move up or down together, reflecting the fact that the dominant uncertainties for low energy neutrinos are common to all sources. For higher-energy neutrinos, a number of excited states dominate the calculated absorption cross section ͑For a more explicit description of how the cross section errors are treated, see the Appendix.͒ To calculate the uncertainty associated with the range of allowed neutrino parameters determined by KamLAND, we first solve Eq. ͑23͒ with the appropriate average survival probabilities computed for each neutrino oscillation point (⌬m 2 ,tan 2 ) in the allowed region ͑see Fig. 1͒ . We consider active-sterile neutrino admixtures permitted by the currently allowed global oscillation solution ͓see Eq. ͑13͔͒. The solution of Eq. ͑23͒ determines f Be (best fit) for that particular point in oscillation parameter space. Then we construct a 1 allowed region, a set of points (⌬m 2 ,tan 2 ), around the chosen point using the simulated characteristics of the Kam-LAND experiment ͑see Sec. III C and Refs. ͓31,38,39͔͒. We define ␦( f Be ) KamLAND for the chosen (⌬m 2 ,tan 2 ) to be the maximum ͑or minimum͒ value of ͓ f Be (⌬m 2 ,tan 2 ) Ϫ f Be (best fit)͔/ f Be (best fit). In practice, the inclusion of sterile neutrinos only slightly affects the computed range of
For all other quantities, we estimate the associated uncertainty at a particular point (⌬m 2 ,tan 2 ) in the following way. Given a source of uncertainty i ͑for example, the measured capture rate for the gallium experiments͒ with 1 error i , we obtain ␦( f Be ) i from the relation
Here we denote by f Be (i) the value of f Be obtained from Eq. ͑23͒ when all the parameters are assigned their best-estimate values. The quantity f Be (iϮ i ) is calculated from Eq. ͑23͒ using the best-estimate values of all variables except i; the variable i is set equal to its best-fit value Ϯ the corresponding 1 uncertainty. In calculating ␦( f Be ) CNO 2 , we shift the three CNO neutrino fluxes by Ϯ1 simultaneously and in the same direction, reflecting the correlation between the CNO fluxes in the standard solar model.
The uncertainty ␦( f Be ) i that is calculated from Eq. ͑25͒ will in general depend upon the assumed value for (⌬m 2 ,tan 2 ) within the KamLAND allowed region. This dependence persists even if i is independent of (⌬m 2 ,tan 2 ) ͑which is true, e.g., for the measured gallium capture rate͒. In fact, the positive and negative values for ␦( f Be ) i will generally not be equal.
C. The accuracy with which the total
7 Be flux can be determined Table IV presents the calculated uncertainties and the best-fit values of f Be for a representative set of possible neutrino oscillation parameters (⌬m 2 ,tan 2 ), that may be obtained from the KamLAND measurements. The largest uncertainty ϳ22% is due to the experimental error on the measured gallium rate ͓14 -16͔. The two next largest uncertainties, both ϳ12%, arise from the theoretical calculation of the gallium absorption cross sections and the simulated errors in the KamLAND measurements. The rather large uncertainty due to the gallium cross sections requires explanation since the uncertainties on the individual cross sections are much smaller ͓44͔ ͓e.g., 2.3% for pp neutrinos and 5% ͑average͒ for 7 Be neutrinos͔. The amplification in the error due to the cross sections arises because all of the low energy cross section errors are fully correlated. The gallium cross section errors are added linearly in calculating ␦ f Be ͓see Eq.
͑23͔͒ rather than being combined quadratically.
We have also computed a representative ͑average͒ error in the determination of the total 7 Be flux by a Monte Carlo sampling of the allowed KamLAND oscillation region shown in Fig. 1 . We find f Be ϭ f Be,best fit ͓1.00 Ϫ0.29 ϩ0.27 ͔. ͑26͒ Figure 6 shows the contours of the maximum percentage deviation ͑in absolute value͒ from the local best-fit value of f Be . The figure shows that within the currently allowed 1 solar neutrino oscillation region the expected uncertainty in the determination of the 7 Be flux is of the order of 25-35 % ͓in agreement with Eq. ͑26͔͒.
D. Can one use the chlorine experiment to determine the 7 Be solar neutrino flux?
We can derive an expression for f Be in terms of the measured event rate in the chlorine ͓12,43͔ solar experiment. Replacing ''gallium'' by ''chlorine'' everywhere in Secs. IV A-IV C, we find Equation ͑27͒ is the analog for the chlorine experiment of the previously derived Eq. ͑23͒ that was used in the discussion of extracting f Be for the gallium experiments. Table V lists the best-fit values of f Be that were obtained by solving Eq. ͑27͒ for different pairs of oscillation parameters (⌬m 2 ,tan 2 ). The best-fit values of f Be obtained from the the chlorine experiment are smaller than the best-fit values inferred using the gallium data ͑see Tables IV and V͒. Using the chlorine data, one can even get negative ͑i.e., unphysical͒ solutions for f Be .
The basic reason for the difficulty in determining f Be is that the large expected rate from the 8 B neutrino flux, even after reduction due to neutrino oscillations, can account for all the observed rate in the chlorine experiment ͓46͔. The contribution from the 7 Be neutrinos is obtained by subtracting the large and somewhat uncertain expected contribution from 8 B neutrinos ͑and the contributions from CNO and pep neutrinos that are expected to be much less important͒ 7 Be flux. The figure shows two contours ͑in %͒ for the uncertainty in determining the total 7 Be flux. The uncertainties were calculated as described in Sec. IV A and Sec. IV B, using a combined analysis of SNO CC and gallium data together with simulated KamLAND data. The curves labeled 1, 2, and 3 represent allowed regions from a global analysis of the available solar and reactor data ͑see Fig. 1͒ . from the total measure chlorine rate. The result is a rather small and uncertain remainder, which can be attributed to 7 Be neutrinos.
Table V also presents the most important sources of uncertainty for inferring the value of f Be using the chlorine, rather than the gallium, data. Since the inferred best-fit values for f Be that are obtained using the chlorine data are very small ͑or even negative͒, we show in Table V the associated shifts in the prediction of f Be . For the much more reliable inferences from gallium data, we show instead in Table IV the percentage shifts, not the actual numerical shifts.
The largest uncertainties in determining f Be using the chlorine data are caused by the experimental errors in the chlorine absorption rate (ϳ0.35) and the SNO CC absorption rate (ϳ0.25). The uncertainty in the chlorine neutrino absorption cross sections are also significant ͑0.03 to 0.35, depending upon the neutrino oscillation parameters͒. To be explicit, the uncertainties in f Be due to the theoretical uncertainties in calculating the chlorine neutrino absorption cross sections that were used in constructing Table V were evaluated from the following equation:
͑28͒
͑See the Appendix for more details regarding the treatment of the cross section errors.͒ Even the CNO fluxes (ϳ0.08) and the SNO CC absorption cross section (ϳ0.10) contribute non-negligible errors. The uncertainty from sterile neutrinos is small (ϳ0.04) and does not significantly affect the total uncertainty. Remarkably, the individual uncertainties in f Be which arise from several different sources are larger than the current best-fit values of f Be ͑see In this section, we show how data from KamLAND can be combined with -e scattering data obtained with the Super-Kamiokande and BOREXINO experiments in order to determine, respectively, the total 8 B ͑Sec. V A͒ and 7 Be ͑Sec. V B͒ solar neutrino fluxes. As discussed before, the advantage of using purely CC measurements to determine the fluxes is that the answers depend only mildly on the active-sterile admixture. On the other hand, -e scattering measurements have the advantage of smaller uncertainties in the interaction cross sections. Moreover, for the determination of the 7 Be flux, BOREXINO depends less strongly on other neutrino fluxes predicted by the standard solar model than do the radiochemical experiments chlorine, GALLEX, SAGE, and GNO. In this section, we show how data from the SuperKamiokande and KamLAND experiments can be combined to measure the total 8 B neutrino flux. We shall see that the determination using Super-Kamiokande and KamLAND yields, on average, a value for the total flux than is comparable in precision to what is expected to be obtained using SNO and KamLAND. The systematic uncertainties are dif- Table IV except that for Table V data from the chlorine experiment were used instead of data from the gallium experiment. Because the inferred values of f Be are small and very uncertain using data from the chlorine experiment, ferent in the two experiments, SNO and Super-Kamiokande. Therefore, it will be important to compare the total 8 B neutrino flux that is inferred using Super-Kamiokande and KamLAND with the value that is obtained using SNO and KamLAND. If the uncertainties are correctly estimated, then the two methods should agree within their quoted errors.
The advantage of using purely charged current measurements with SNO and KamLAND to determine the total 8 B flux is that the answer depends only very slightly upon the unknown active-sterile mixture ͑as discussed in Sec. III͒. The principal advantages of the Super-Kamiokande experiment in the present context is that the neutrino interaction cross section is accurately known ͓47͔ and the statistical and systematic errors have already been extensively investigated ͓5͔. However, as we shall see below, when using SuperKamiokande there is a significant uncertainty ͑ϩ7 and Ϫ0 %͒ in the total 8 B flux due to the active-sterile mixture, at least with our present knowledge of . 
͑30͒
where P is the probability of oscillating into active neutrinos and rϵ / e Ӎ0.15 is the ratio of the the e -e and -e elastic scattering cross sections. The expected sensitivity of f B to the principal sources of errors can be calculated from the following equation:
We suppose that KamLAND will observe ͑with associated uncertainties that we simulate with a Monte Carlo͒ the rate predicted for the global best-fit point shown in Fig. 1 In this section, we show how data from the KamLAND and BOREXINO experiments can be combined to measure the total 7 Be neutrino flux. The principal advantage of using the BOREXINO experiment for this purpose is that the signal in the BOREXINO experiment ͓40͔ is predicted to be dominated by 7 Be neutrinos, whereas 7 Be solar neutrinos are expected to contribute only a relatively small ͑and unlabeled͒ fraction to the observed event rate in the gallium and chlorine radiochemical measurements ͑see Table III͒.   7 However, unlike the cases involving the gallium and chlorine experiments that were discussed in Sec. IV, which include only e ͑CC͒ absorption, the BOREXINO experiment detects both e -e scattering and -e and -e scattering. One must consider in the present case the extent to which the active-sterile neutrino admixture influences the detected event rate for each set of oscillation parameters (⌬m 2 ,tan 2 ) KLAND determined by KamLAND. As we shall see quantitatively in the following discussion, this uncertainty regarding the sterile admixture does not decrease significantly the overall accuracy of the inferred total 7 Be neutrino flux.
The average survival probability for active neutrinos can be written conveniently in the form
The expression for f Be has the same form for the case in which the KamLAND and BOREXINO experiments are considered together as for the previously discussed cases involving the gallium experiments ͓see Eq. ͑23͔͒ and the chlorine experiment ͓see Eq. ͑27͔͒. Using the average survival probability defined in Eq. ͑35͒, we can write
In the last term of Eq. ͑36͒, we include the contributions from pp, and CNO neutrinos. The contribution from 8 B neutrinos is negligible because the observed 8 B neutrino flux is about a factor of 10 3 smaller than the predicted SSM 7 Be neutrino flux and because 8 B neutrinos primarily produce high energy recoils electrons that the BOREXINO detector can distinguish from the low energy recoil electrons produced by 7 Be neutrinos. The expected sensitivity of f Be to different sources of errors is given by
In order to estimate the accuracy of this method for determining f Be , we suppose that KamLAND will observe ͑with associated uncertainties that we simulate with a Monte Carlo͒ the rate predicted for the global best-fit point 8 shown in Fig. 1 and that BOREXINO also will observe a signal corresponding to this best-fit point ͑with associated uncertainties͒. In the absence of any published data, we estimatebased upon experience in previous solar neutrino experiments ͓4,5,12,14 -16͔-that BOREXINO will achieve a systematic uncertainty of between 5 and 10 % . We estimate in this way that the combined experiments will yield a determination of f Be that is, for purely active oscillations, f active Be ϭ1.00͓1Ϯ0.05͑0.1͒Ϯ0.020Ϯ0.020͔ ϭ1͓1Ϯ0.057͑Ϯ0.103͔͒, cos 2 ϭ1.0, ͑38͒ where the first error corresponds to the BOREXINO experimental uncertainty, the second to the uncertainty in the reconstructed KamLAND region, and the last error is due to the theoretical uncertainty in the predicted CNO fluxes. Within the 1 LMA region, the average uncertainty in the combined KamLAND and BOREXINO measurement for the total active 7 Be neutrino flux is expected to be ͑ f active Be ͒ϭ0.06͑ 0.105͒. ͑39͒
If we allow for a 25% sterile admixture, we find f total Be ϭ1.00͓1Ϯ0.05͑0.1͒Ϯ0.02Ϯ0.020 Ϫ0.00 ϩ0.05 ͔. ͑40͒
The last error in Eq. ͑40͒ corresponds to the present 1 uncertainty from the active-sterile admixture cos 2 у0.75.
The numbers in parentheses in Eq. ͑38͒ and Eq. ͑40͒ correspond to assuming the larger systematic uncertainty, Ϯ10%, for the BOREXINO measured rate. For f total Be , the average uncertainty in the combined KamLAND and BOREXINO measurement is expected to be
)%, within the 1 LMA region and if the sterile admixture is as large as currently allowed.
VI. DETERMINATION OF THE pp NEUTRINO FLUX
In this section, we analyze three strategies for determining the total pp solar neutrino flux without requiring a dedicated experiment that measures only the pp neutrinos. We first describe in Sec. VI A how one can make a crude determination of the pp neutrino flux using the measured Gallium, chlorine, and SNO ͑CC͒ event rates ͓3,12,15,16͔ and the standard solar model predictions for all but the 8 B, 7 Be, and pp solar neutrino fluxes. This part of the discussion is similar to the analysis described in Ref. ͓3͔, although we evaluate explicitly the uncertainty caused by the finite size of the allowed region in oscillation parameter space. We then determine in Sec. VI B how well one can infer the pp flux using just the gallium and the SNO measurements and the BP00 predictions for the other neutrino fluxes, especially the 7 Be neutrino flux. The unknown sterile-active mixture contributes only a negligible error using the strategies described in Secs. VI A and VI B. Next, we show in Sec. VI C how the precision of the determination of the pp flux can be improved by using, in the future, the results from KamLAND ͑to constrain the neutrino oscillation parameters͒ and from BOREXINO ͑to constrain the 7 Be neutrino flux͒. The principle of this strategy has also been discussed by the SAGE Collaboration ͓3͔.
The theoretical error on the pp neutrino flux is Ϯ1% ͑see Ref. ͓11͔͒, which is an order of magnitude smaller than the estimated errors that we find in this section on the empirically derived values of f pp . To achieve a precision of 10% or better in the determination of the solar neutrino pp flux will require a dedicated and accurate experiment devoted to measuring the pp flux.
Throughout this section, we treat the pp flux and the pep flux as a single variable because they are so closely linked physically ͓48͔. The two reactions are linked because the pep reaction is obtained from the pp reaction by exchanging a positron in the final state with an electron in the initial state. Thus the rates for the two reactions are proportional to each other to high accuracy ͓49͔. For convenience, we denote the sum of the pp and pep fluxes as simply pp. BAHCALL, GONZALEZ-GARCIA, AND PEÑ A-GARAY PHYSICAL REVIEW C 66, 035802 ͑2002͒
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A. Using chlorine, gallium, and SNO data and BP00 predictions
In this subsection, we show how data from the chlorine, gallium, and SNO experiments can be combined with the BP00 predictions for the CNO and hep fluxes to determine the total pp neutrino flux. The reduced pp solar neutrino flux, f pp defined ͑by analogy with f B ) with respect to the predicted standard solar model sum of the pp and pep fluxes, can be written as Here the sum over i in Eq. ͑41͒ refers to the three CNO neutrino sources and the hep neutrinos ͑see ) reflects the uncertainties in the calculated neutrino absorption cross sections for chlorine ͓48,50͔. The physical constraint f Be у0 was imposed in obtaining these errors.
Within the 1 LMA allowed region, we find that the central value of f pp can vary in the range 1.32Ͻ f pp Ͻ1.50 and the best-fit value can be determined with an average uncertainty of Ϫ24 ϩ13 %. The range of central values of f pp always exceeds the BP00 value because the observed chlorine rate implies a low value of f 7 Be . Since the largest contributions to the gallium rate are from pp neutrino and 7 Be neutrinos, a low 7 Be flux implies a relatively high pp flux. We can summarize the results of the simulations carried out within the 1 allowed LMA region for the pp flux as follows:
f pp ϭ1.41͑1Ϯ0.06 Ϫ0.24 ϩ0.13 ͒ϭ1.41͑ 1 Ϫ0.25 ϩ0.14 ͒. ͑44͒
The first error in Eq. ͑44͒ results from the allowed range of neutrino oscillation parameters and the second error results from the uncertainties in all other recognized sources of errors, combined quadratically. The result given in Eq. ͑44͒ should be compared with the quoted estimate by the SAGE Collaboration ͓3͔, f pp ϭ1.29(1Ϯ0.23). This agreement is very welcome since the SAGE paper points out that they made ''Several approximations . . . whose nature cannot be easily quantified.''
B. Using gallium and SNO data and BP00 predictions
In this subsection, we determine the range of allowed values for f pp using the BP00 predictions ͑and uncertainties͒ for the 7 Be neutrinos as well as the CNO and hep neutrinos. We use in this subsection data only from the gallium and SNO solar neutrino experiments.
Following the same line of reasoning as in section VI A, we find for the best fit point in the LMA allowed oscillation region f pp ϭ1.05͑1Ϯ0.11 Ϫ0.08 ϩ0.05 Ϫ0.03 ϩ0.02 Ϯ0.007 Ϫ0.02 ϩ0.04 ͒. ͑45͒
Just as in Eq. ͑43͒, the first error in Eq. ͑45͒, (Ϯ0.11), is the experimental error from the weighted average event rate in the gallium experiments, the second error ( Ϫ0.08 ϩ0.05
) is due to the neutrino absorption cross section on gallium, the third error ( Ϫ0.03 ϩ0.02
) is due to the uncertainties in the BP00 predictions of the CNO neutrino fluxes, the fourth error ͑Ϯ0.007͒ contains the uncertainty in the SNO CC experimental rate and the calculated absorption cross sections on deuterium. The uncertainty in the BP00 prediction for the 7 Be neutrino flux contributes the last error ( Ϫ0.02 ϩ0.04 ) in Eq. ͑45͒. Within the 1 allowed LMA region, we find the central value of f pp varies in the range 0.93Ͻ f pp Ͻ1.16; the best-fit value of f pp can be determined with an average uncertainty of Ϯ14%. We can summarize the determination of f pp as follows:
where the first error is the uncertainty due to the neutrino oscillation parameters and the second error contains the uncertainties from all other sources.
C. Using BOREXINO, KamLAND, Gallium, and SNO data and BP00 predictions
In this subsection, we show how the uncertainty in f pp could be improved by using the KamLAND data to determine the neutrino oscillation parameters and the BOR-EXINO data, together with the KamLAND oscillation parameters, to constrain f 7 Be . We start with Eq. ͑41͒ but now use f Be as determined from BOREXINO and KamLAND data ͓Eq. ͑36͔͒.
We find that for the best-fit LMA solution ͑assuming that BOREXINO finds the rate expected for this best fit point͒ ) is from the predicted CNO fluxes, and the fourth error (Ϯ0.007) contains the uncertainties from the SNO experimental data and calculated deuterium absorption cross sections. The range of oscillation parameters within the KamLAND reconstructed region gives the fifth error (Ϯ0.05) and the sixth error (Ϯ0.02͓Ϯ0.04͔) results from the uncertainty in the measured BOREXINO event rate ͓which we take to be 5% ͑10%͔͒. The unknown active-sterile admixture ͑which goes in the direction of lowering f pp ) contributes the last error shown in Eq. ͑47͒.
On average, the the precision expected using the Gallium, KamLAND, and SNO experiments is f pp ϭ1.05͓1.0ϩ0.14͑0.15͔͒. ͑48͒
The dominant sources of error in Eq. ͑48͒ are the experimental error in the gallium rate and the uncertainties in the calculated gallium absorption cross section.
VII. DISCUSSION AND CONCLUSIONS
In this section, we review and discuss our principal conclusions. We begin in Sec. VII A by summarizing the experimentallyallowed range that currently exists for the total 8 B solar neutrino flux, taking account of the possibility that sterile neutrinos exist. We then summarize in Sec. VII B how well the total 8 B neutrino flux, and separately the sterile 8 B neutrino flux, can be obtained by combining KamLAND and SNO measurements. Next we describe in Sec. VII C how well the total 7 Be flux can be determined using data from the KamLAND, gallium ͑GALLEX, SAGE, and GNO͒, and SNO experiments, i.e., using only CC disappearance experiments. In this same subsection, we summarize the measurement accuracy that can be obtained using data from just the KamLAND and the BOREXINO (-e scattering͒ experiments. We describe three strategies ͑making use of existing and future solar neutrino measurements and guidance from the BP00 solar model͒ for determining the pp solar neutrino flux without the help of an experiment that measures separately the pp neutrinos. We point out in Sec. VII E ͑and in the Appendix͒ that in order to determine the total 8 B or 7 Be neutrino flux, and a fortiori to determine the sterile contributions to these fluxes, the correlations among theoretical errors for neutrino absorption cross sections and for solar neutrino fluxes must be treated more accurately than in previous discussions. Section VII F summarizes the main focus of the present paper.
We concentrate on procedures to determine experimentally the total solar 8 B neutrino flux and the total solar 7 Be neutrino flux in a universe in which sterile neutrinos might exist. Our methods can work only if the LMA solution of the solar neutrino problem is correct.
The numerical values given here for the precision with which different quantities can be determined are obtained using simulations of how well different experiments may perform. Therefore, the numerical values are intended only as illustrative guides to what may be possible.
A. The currently allowed 8 B solar neutrino flux if sterile neutrinos exist
The combined SNO CC data and the Super-Kamiokande e -e scattering data together yield a widely acclaimed agreement between the 8 B solar neutrino flux that is predicted by the standard solar model and the empirically inferred 8 B neutrino flux. However, this agreement between solar model prediction and solar neutrino measurement is not a unique interpretation of the existing measurements if one allows for the possibility that the incident solar neutrino flux could contain a significant component of sterile neutrinos. We show in Table I and in Sec. II that if one takes account of the possibility that sterile neutrinos may exist then the total solar 8 B neutrino flux could be as large as 2.3 times the flux predicted by the standard solar model. In principle, the existing solar neutrino data could be inconsistent with the standard solar model predictions.
B. Determining the total 8 B solar neutrino flux including sterile neutrinos
The total 8 B solar neutrino flux, active plus sterile neutrinos, can be determined with a typical 1 accuracy of about 10% by comparing the charged current measurements from the KamLAND reactor experiment and the SNO experiments ͑see Sec. III͒. The active 8 B neutrino flux has been measured by comparing the SNO CC flux ͑which measures e ) with the Super-Kamiokande neutrino-electron scattering rate ͑which measures e plus, with less sensitivity, ϩ ). The SNO neutral current measurement will provide an additional and, ultimately, more accurate measurement of the total active 8 B solar neutrino flux. By subtracting the independently measured active 8 B neutrino flux from the total ͑active plus sterile͒ 8 B neutrino flux, one can determine empirically the sterile component of the solar neutrino flux. The active 8 B neutrino flux will even-tually be determined accurately by the SNO neutral current measurement ͓4,51͔. We estimate therefore that the procedure described here has the potential of measuring, or setting an upper limit on, the sterile component of the 8 B neutrino flux that is as small as 12% of the total 8 B solar neutrino flux.
The measurement of the total 8 B neutrino flux, and the sterile component of this flux, are independent of solar model considerations. In order to establish the quantitative conclusions, we have performed detailed simulations of the accuracy of the KamLAND reactor experiment in determining neutrino oscillation parameters ͑see Fig. 1͒ and have evaluated the theoretical and experimental uncertainties that affect the different flux determinations ͑see Sec. III C and the Appendix͒.
The combined measurements of the Super-Kamiokande and KamLAND experiments can be used to determine independently a value for the total 8 B neutrino flux. This determination may be as accurate as 6% for purely active neutrinos. With the current limits on the active-sterile admixture, the total 8 B neutrino flux could be inferred to an accuracy of 9% or better, as described in Sec. V A. It will be important to compare the value of the total 8 B neutrino flux inferred by combining the KamLAND and SNO charged current measurements with the value obtained using the KamLAND and Super-Kamiokande experiments. This comparison will be an important test of whether the systematic uncertainties in the experiment and in the analyses are understood. The total 7 Be solar neutrino flux, active plus sterile neutrinos, can be determined to a 1 accuracy of about 30% by combining measurements from KamLAND, SNO, and the gallium experiments ͑see Sec. IV͒. Unlike the purely empirical determination that is possible for the 8 B flux, the measurement of the total 7 Be solar neutrino flux requires some assumption regarding the CNO solar neutrino fluxes. In our estimates, we have assumed that the standard solar model predictions for the CNO fluxes, and their uncertainties, are at least approximately valid. Table IV shows that as long as the CNO fluxes are not a factor of 3 or more larger than the standard solar model predictions, then they will not significantly limit the accuracy with which the total 7 Be neutrino flux can be determined. The measured capture rate in the gallium experiments ͑GALLEX, SAGE, and GNO͒ currently constitutes the largest recognized uncertainty in the determination of the total 7 Be flux by the method described here ͑see Table IV͒. The constraints provided by the chlorine experiment are not very useful in providing an accurate determination of the 7 Be neutrino flux ͓see Table V and Eq. ͑29͔͒. One can also determine the allowed range of the total 7 Be solar neutrino flux using the data from the KamLAND reactor experiment and the BOREXINO solar neutrino experiment. We show in Sec. V B that with this method one may hope to obtain a 1 accuracy of 11% or better for the total 7 Be solar neutrino flux, which is more accurate than we estimate will be possible with the gallium and chlorine radiochemical experiments.
One can determine an upper limit to the sterile component of the 7 Be solar neutrino flux by combining the measured rate in the neutrino-electron scattering experiment BOR-EXINO with the 7 Be total flux inferred from measurements of the KamLAND, SNO, and gallium experiments. If one assumes that the entire signal measured in BOREXINO is due to e , then one obtains a minimum value for the active component of the 7 Be neutrino flux. Subtracting this minimum value from the total 7 Be flux, one will obtain an upper limit to the sterile component of the flux. It seems unlikely that the procedure described here has the sensitivity to measure a value for the sterile component unless the sterile flux is larger than 30% of the total 7 Be neutrino flux. However, limits on the sterile neutrino admixture can be obtained from the analysis of 8 B and KamLAND neutrino measurements described in Sec. VII B.
In order to make a direct and precise measurement of the sterile component of the 7 Be solar neutrino flux, we need a charged current measurement of the 7 Be flux. A 7 Be solar neutrino absorption experiment, e.g., with a lithium target ͓52͔ or with LENS ͓53͔, would make possible an accurate determination of the sterile 7 Be neutrino flux by providing a set of experimental constraints that is analogous to what will exist for the SNO, Super-Kamiokande, and KamLAND experiments.
D. Determining the pp neutrino flux
The theoretical uncertainty in the calculated pp solar neutrino flux is estimated to be only 1% ͓11͔. Therefore, a precise determination of the pp solar neutrino flux will be of great interest as a crucial test of the theory of stellar evolution. The measurement of the pp neutrino flux will also provide a critical test of whether the neutrino oscillation theory, which works well at energies above 5 MeV, also describes accurately the lower energy neutrino phenomena ͑energies less than 0.4 MeV). We show in Sec. VI that the pp flux can be determined with modest accuracy, of order 18 to 20 %, using a combination of existing experimental data and some guidance from the BP00 standard solar model. In the future, it should be possible to determine the pp neutrino flux to an accuracy of 15% using experimental data from the BOR-EXINO, KamLAND, and SNO solar neutrino experiments and predictions ͑in a noncritical way͒ from the standard solar model ͓see Eq. ͑48͔͒. The unknown flux of sterile neutrinos does not significantly affect the quoted estimates on the accuracy with which the pp flux can be determined. To measure the pp flux with an accuracy sufficient to test stringently the standard solar model prediction will require a dedicated and accurate experiment that measures separately the pp neutrino flux.
E. Correlation of errors, especially for neutrino absorption cross sections
In order to determine the total 8 B or 7 Be solar neutrino flux, and their sterile components, one must evaluate care-fully all known sources of error. In the course of this investigation, we realized that the evaluations of the neutrino absorption cross section uncertainties in previous neutrino oscillation studies, including our own, have not properly taken account of the correlations among the theoretical uncertainties in the cross section calculations ͑for an insightful discussion of this point, see Ref. ͓54͔͒. We discuss in the Appendix how the cross section errors can be treated more correctly. We also emphasize here that it is necessary to treat as fully correlated the uncertainties in the principal CNO neutrino fluxes that are obtained from standard solar model predictions. These effects are small compared to other uncertainties in determining solar neutrino oscillation parameters ͑the principal goal of nearly all previous oscillation studies͒. The correlations among cross section uncertainties become important only when one wants to make accurate inferences regarding the neutrino fluxes themselves.
F. Focus: total fluxes and sterile neutrino fluxes
The main focus in this paper is on determining experimentally the total 8 B, 7 Be, and pp solar neutrino fluxes in order to make possible more precise tests of solar model predictions. We have also shown that the contribution of sterile neutrinos to the total flux can be measured, or a useful upper limit can be set, for 8 B solar neutrinos and for 7 Be solar neutrinos. 
APPENDIX
We determine, as is conventional for many analyses of solar neutrino data, the allowed regions in the neutrino oscillation space using a 2 function that includes all the relevant data. In the construction of the 2 function, we have followed closely the prescription of Ref. ͓55͔ ͑see also Ref.
͓54͔͒, but we have included some modifications to this prescription in order to account in more detail for the energy dependence and the correlation of the cross section errors for the chlorine and gallium solar neutrino experiments.
For a given experiment j ͑for example, gallium, or chlorine͒, the expected number of events can be written as
͑A1͒
where iϭ1,8 labels the solar neutrino fluxes, i , and k labels the energy bins of energy E k . The quantity C j (E k ) is the cross section for the interaction of a neutrino of energy E k in the experiment j; P ee,i (E k ,⌬m 2 ,) is the survival probability of e for a given energy E k at a specified point, ⌬m 2 ,, in neutrino oscillation space.
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The error matrix for the neutrino absorption cross sections can be derived using Eq. ͑A1͒. Since the errors are uncorrelated between different experiments, we need to evaluate the following expression for a specified experiment: 2 ͑ c.s.͒ϭ͗͑RϪR 0 ͒ 2 ͘,
͑A2͒
where R 0 is the best estimate for the ͑gallium or chlorine͒ experimental capture rate and the brackets indicate an average over the probability distribution of uncertainties in the neutrino cross sections. Writing out the various terms in Eq. ͑A2͒, we find 2 ͑ c.s.͒ϭ ͚ where ⌬lnC i is the average uncertainty in the interaction cross section of neutrinos of flux type i in experiment j. Equation ͑A4͒ is obtained from Eq. ͑A1͒ by neglecting the correlations of the cross section errors among the different neutrino fluxes and by neglecting the energy dependence of the cross section errors. For the gallium detector, neither of these assumptions is correct and even for chlorine the cross section errors for different neutrino sources are strongly correlated.
For all but the 8 B and hep neutrino fluxes, either ground state to ground state transitions are the only energetically possible transitions ͑which is the case for the chlorine detector͒ or the ground state to ground state transitions dominate ͑which is the case for the gallium detector͒. Thus all the cross sections for the lower energy neutrinos move up or down together, proportional to the square of the dominant matrix element.
When considering the gallium experiments, we include the energy dependence of the cross section errors and assume full correlations among the cross section errors of the different neutrino sources that contribute at a specific energy. Specifically, we use the results from Ref. ͓56͔ for the cross section errors. For continuum sources, we take the fractional error of the interaction cross section in the energy bin k to be
where max,min (E k ) are the 3 upper and lower limit cross sections given in Tables III and IV where k1k2 is the correlation matrix for the cross section errors of the different energy bins. For low energy neutrino sources, the dominant process is the transition to the germanium ground state and for higher energy neutrino sources (Eտ2 MeV) transitions to excited states dominate. Therefore, we assume the cross section errors to be fully correlated between energy bins either below or above Eϭ2 MeV ( k1k2 ϭ1 for E k1 ,E k2 Ͻ2 MeV or E k1 ,E k2 Ͼ2 MeV). We take the errors to be uncorrelated between one energy bin below 2 MeV and one energy bin above Eϭ2 MeV ( k1k2 ϭ0 for E k1 Ͻ2 MeV and E k2 Ͼ2 MeV, or E k1 Ͻ2 MeV and E k2 Ͼ2 MeV).
For chlorine, we take as fully correlated the cross section errors for the pp, pep, 7 Be, and CNO neutrinos. The cross section errors for the 8 B and hep neutrinos are uncorrelated with the errors for the lower energy neutrinos but are fully correlated with each other. We can neglect for chlorine the energy dependence of the chlorine to argon cross section errors because the uncertainty for the lower energy neutrinos is determined almost entirely from the ground-state to ground-state matrix element. ͑Forbidden corrections are unimportant for these low energy neutrinos.͒ For the 8 B and hep neutrinos, the absorption cross sections are also dominated by a single ͑but different͒ transition, in this case the superallowed transition ͓10͔, and therefore we can also neglect the energy dependence for the higher energy neutrinos. We adopt the values of the averaged chlorine cross section errors given in Refs. ͓48,50͔. To be explicit, the chlorine contribution to the cross section error matrix is given by 
